shoot apical meristem, or more specifically to direct lateral meristem formation. To distinguish between these possibilities, we examined the expression of several genes that are expressed in the developing inflorescence or in emerging floral primordia. CLV1 and UFO are expressed in a complementary pattern in the shoot apex: CLV1 is expressed in subepidermal layers at the center of the apex in the region corresponding to the meristem proper (Clark et al., 1997) , while UFO is expressed in a cup-shaped region surrounding the meristematic core of the apex (Lee et al., 1997; Long and Barton, 1998). The expression of both genes in the apical meristem of pid mutant pins was similar to that seen in wild-type plants ( Figures 1A-1D ).
MP and FIL were used to examine lateral meristem formation in the pid inflorescence. MP is normally strongly expressed in floral anlagen and emerging flowers and more weakly in the developing vasculature (Hardtke and Berleth, 1998) . FIL is expressed in a small abaxial domain in the flower anlagen and emerging floral primordia (Sawa et al., 1999; Siegfried et al., 1999) . MP was strongly expressed in pid apices along with weaker expression in the developing vasculature ( Figure 1F ). While FIL RNA was detected in pid mutants, FIL was only weakly expressed in discrete foci on the flanks of the inflorescence apex, indicating that early development of lateral primordia was defective in pid mutants (Figure 1H) .
Because of the similar pid and pin mutant phenotypes, we also investigated PIN expression. In wild type, PIN is expressed in both the vasculature (Gä lweiler et al., 1998) and in developing flowers ( Figure 1I ), similar to the MP expression domains. In pid mutants, PIN was expressed in a small group of cells on the flanks of the shoot apical meristem and in the procambium ( Figure  1J ), in a pattern similar to that observed in wild-type plants.
Petal and Carpel Venation in pid Mutants
Auxin signaling controls vascular patterning in the coty- 
PID Encodes a Serine-Threonine Protein Kinase
The recessive pid-9 mutant was isolated from a T2 population of plants transformed with the activation-tagging vector pSKI015 (Weigel et al., 2000) . Segregation analysis revealed that the pid-9 mutation was closely linked to the T-DNA insertion. Plant DNA flanking the left and right borders of the insertion was recovered by plasmid rescue and sequenced. The T-DNA in pid-9 was found to be inserted in the genomic sequence represented in BAC T31E10, whose position on the physical map correlated closely with the genetic map position of PID on chromosome II (Bennett et al., 1995) .
The T-DNA insertion in pid-9 disrupted the coding region of an annotated gene (accession AAC26704) with a single intron. We did not find a cDNA in 600,000 clones of a floral cDNA library (Weigel et al., 1992) , indicating that transcripts of this gene are rare. The gene structure predicted from the genomic sequence was confirmed by reverse transcription followed by polymerase chain reaction. To establish that this gene represented the PID locus, we sequenced the coding region of this gene in twelve pid mutant alleles. For each allele, a mutation was found in the gene disrupted by the pid-9 T-DNA. These lesions included two nonsense mutations, nine missense mutations, and one small deletion (Table 1; Figure 3A) .
The predicted PID protein of 438 amino acids shares extensive similarity with several classes of serine-threonine protein kinases ( Figure 3A) . The homology of PID to the catalytic domain of protein kinases extends the one of the kinase-typical invariant residues.
To determine whether PID is a functional protein kinase, we expressed the protein as a GST fusion product 2B). Regardless of valve number, we consistently obin E. coli. To examine the importance of specific residues served two medial xylem bundles. However, these bunwithin the kinase domain, and of the potential regulatory dles branched prematurely, proximal to the valve/style region between domains VII and VIII, we also expressed junction, and the vascular fans formed on the lateral, several PID derivatives generated by site-directed rather than the medial face of the style. mutagenesis. As a negative control, Asp-205 was reIn the few flowers that formed in strong pid-9 mutants, placed with Ala, inactivating the ATP binding domain valves were usually replaced by tissue that resembled (GST:MPID). The importance of the DFD as opposed to wild-type style. Consistent with this replacement, lateral the canonical DFG motif was addressed with a change vascular bundles were missing. As in the weak pid-8 allele, of Asp-225 to Gly in GST:DFG. Finally, two fusion medial bundles differentiated normally, but branched constructs were made to test the function of serines prematurely, close to the midpoint of the reduced pid-9
and threonines adjacent to the potential regulatory dogynoecium. This premature branching resulted in the main, by introducing negatively charged glutamate resiformation of supernumerary xylem fans that encircled dues, which mimic phosphoserine or phosphothreonine. the distal tip of the gynoecium ( Figure 2C ). In addition to GST:ALT contained a Thr-294 to Glu substitution, and defects in the carpel, pid-9 petals occasionally showed GST:ALS contained Glu substitutions at both Ser-288 defects in vascular continuity, and the vascular loops and Ser-290. characteristic of wild-type petals were often replaced
The wild-type fusion, GST:PID, autophosphorylated by linear veins that terminated near the petal margin ( Figure 2D ).
in vitro ( Figure 3B ), while the GST:MPID fusion protein was inactive. Both GST:ALS and GST:DFG autophosthe adaxial portion of the primordia. The initial expression pattern of PID in stage 3 flowers, which were about phorylated, with an apparent increase in activity in GST:DFG relative to wild-type GST:PID. GST:ALT did to form sepals, mimicked that of the expression pattern in the shoot apex ( Figure 4G ). In developing flowers, not show any autophosphorylation, indicating that it was either inactive, or that Thr-294 is the major autophos-PID was transiently expressed in nascent floral organs ( Figure 4H ). As floral organs matured, PID transcripts phorylation site.
were downregulated (not shown). Because pin and pid mutants have similar infloresExpression Pattern of PID cence phenotypes, we examined PID expression in pid mutants exhibit morphological defects at both early pin-1 mutants. PID was weakly expressed at the flanks and late stages of development. In wild type, two opposof the apex in pin-1 mutants, indicating that changes in ing cotyledons are formed during embryogenesis, and auxin levels in pin-1 mutants did not affect PID exprestheir position dictates the arrangement of the first pair sion ( Figure 4I ). of true leaves, which normally form perpendicularly to the cotyledons. pid mutants often develop three symmetrically arranged cotyledons, followed by three pri-
Consequences of Ectopic PID Expression
To determine whether PID is limiting for auxin signaling, mary leaves that arise between the cotyledons. The rest of the vegetative shoot system develops normally in we expressed the PID cDNA under the control of the CaMV 35S promoter, which is constitutively active in pid mutants. Defects become apparent again after the switch to the reproductive phase, when PID is required most plant tissues ( (Figure 4A) . Expression in the cotyledons persisted throughconfirmed that levels of transcripts from the transgene were several fold higher than those from the endogeout the heart ( Figure 4B ) until the midtorpedo stage. By the bent-cotyledon stage, PID expression was only nous locus, although transcript levels were lower than those observed for the wild-type construct. T1 individuweakly detected in the apical meristem ( Figure 4C) .
Similarly, PID was only weakly expressed in the shoot als with a phenotype similar to that of pid loss-of-function mutants, indicating cosuppression, were found at apex and in young leaves of vegetatively growing plants ( Figure 4D ). PID RNA levels increased after the transition similar frequency in 35S::PID and 35S::MPID transformants, confirming activity of the transgene in both to reproductive development, although overall levels were low in comparison to those of other auxin-related sets of plants. Hemizygous 35S::PID plants were small and had dark genes such as PIN or MP. In the inflorescence, PID was expressed in discrete groups of cells on the flanks of green, curled leaves ( Figure 5C ). Eight of the nine T1 plants with vegetative defects also showed defects durthe apex (Figures 4E and 4F) , 1999) , and PID overexpression affected both of them. 35S::PID plants had either no or very few lateral roots, and roots grew aberrantly across the surface of the substrate instead of into it. The aberrant root growth was due to lack of a gravitropic response, as determined by growing segregating T2 progeny without selection on vertical plates. After 18 days, 15 of 24 T2 germinated seedlings had no lateral roots, and two seedlings had one lateral root. The remaining seven plants generated an average of ten lateral roots (range 4-16). Primary root growth in seedlings lacking lateral roots was random with respect to the gravity vector, while seedlings with more than one lateral root responded normally ( Figure 5D ), indicating that the lateral root defect and the gravitropic defect were genetically linked.
To determine whether the loss of lateral root formation level in pin mutants, but there is little information on
